We report three-dimensional index-of-refraction measurements in a methane-air slot diffusion flame and a methane-air slot subsonic jet using beam-deflection optical tomography. The horizontal and vertical spatial resolutions are 0.26 and 0.635 mm, respectively. The peak temperature is calculated from the index-of-refraction map for the flame and compared with thermocouple temperature measurements.
In a recent paperl we described the application of beam-deflection optical tomography to density measurements in a supersonic free jet. Here we describe the application of this technique to the measurement of flames and subsonic mixing flows.
Tomography is a technique for calculating two-or three-dimensional images of a system from integrated measurements through it at multiple angles. Although an algorithm for the implementation of tomography has been known for almost 70 years, 2 only with the recent wide availability of computers has it been used for practical applications. While tomography has had the greatest success for medical imaging with x rays, it has found many applications outside medicine. 3 Optical tomography has been applied to measurements in fluid flows, 1 ' 4 flames, 5 -7 and optical-fiber preforms. 8 Advantages of optical tomography over other optical imaging techniques include its capability to generate quantitative results 9 and the fact that optical access is required only within the plane being imaged. Because of the latter property, many parallel planes may be imaged at once, permitting simultaneous acquisition of three-dimensional images.
Integrated measurements of either the real part of the index of refraction, phase measurements, or the imaginary part of the index of refraction, absorption measurements, may be reconstructed with tomography. Unlike absorption measurements, phase measurements may be carried out far from optical resonances and therefore may be made on any transparent system and without requiring tunable lasers. Phase measurements for optical tomography may be made using interferometry, ' 8 Beam-deflection measurements, unlike interferometry and holography, require no fringe counting, which reduces ambiguity in the data and increases the dynamic range. Beam-deflection measurements may be applied to systems in which large gradients create too many fringes to resolve or when vibrations wash out fringes. Beam deflection requires stability on only one optical path, simplifying highsensitivity measurements.
Here we apply the beam-deflection tomographic method to combustion measurements. We chose a methane-air slot diffusion flame for study. The flame was fairly stable and treated as steady-state, permitting the multiple views required for tomography to be taken sequentially by scanning a single-beam optical system.
A schematic of the experimental apparatus is shown in Fig. 1 . The burner is a 0.64-cm o.d. copper tube crimped onto a form to make a 0.14 mm by 4 mm slot.
Methane is supplied to the burner at 9 cm 3 /sec. The flame produced is 8 cm high.
The optical system uses a helium-neon laser source focused to a 30-,gm spot by a 60-mm focal-length lens. Deflection angles are measured by a 78.8-mm focallength transform lens and a lateral effect positionsensitive detector. The detector is positioned one focal length from the lens, so angular deflections at the lens are transformed into spatial deflection at the detector. Because the transform lens also acts as a collection lens, care must be taken to avoid stray light, which would cause noise at the detector. A PDP11/44 computer performs the data acquisition and reconstructions. One computer-controlled stepper motor scans the flame through the laser beam, taking 120 points in a 20-mm scan. A second stepper motor rotates the burner between views. A total of 10 views, or projections, is taken. The horizontal spatial resolution is 0.26 mm. The horizontal scan rate is 1.6 mm/sec.
Reconstructions were performed using the modified convolution backprojection algorithm described in Ref. 1 . By reconstructing data taken in 17 planes at 0.635-mm vertical spacing above the burner, we have We have produced a similar three-dimensional map of the diffusion of a subsonic jet of methane into air when the flame is not lit. Vertical sections perpendicular and parallel to the slot are shown in Figs. 2(c) and 2(d). The sections are not symmetrical because there is vorticity in the jet. This is seen more clearly in the horizontal sections in Figs. 3(a)-3(c) , above the flame, and 3(d)-3(f), above the subsonic jet. Images taken with the scanning direction reversed verified that the twisting was not due to the scanning motion.
Figures 4(a) and 4(b), which are sections through Figs. 3(a) and 3(d) at A-A and B-B , respectively, show that there is more detail in the images than can be seen in the photographs. In the flame, the index of refraction drops below ambient in the region of the flame front and rises above ambient in the center because of the cool methane there. Figure 4 (b) has a well-defined spike corresponding to the jet of methane, which has a higher index of refraction than air.
The index-of-refraction variations in the image of the flame are due to both temperature and compositional variations. Weinberg 11 shows that the change in composition that is due to the combustion of methane causes a change in the index of refraction of less than 2%. Thus, to good accuracy, the compositional variation of our flame may be treated as the diffusion of methane and its combustion products into air. From Fig. 4(b) it is apparent that the methane concentration at the position corresponding to the peak temperature in Fig. 4(a) is low. Assuming that the concentration of methane and its combustion products at the peak temperature in the flame is low, we can estimate the peak temperature based on the index of refraction of air. Because the index of refraction is inversely proportional to the temperature, small index-of-refraction changes result in large temperature changes at high temperatures. For this reason, the index of refraction both within the reconstruction and at its boundaries, to which the interior index is referenced, must be known accurately. With a little care, the tomographic reconstruction will be accurate if the index of refraction is uniform outside the sampled region. The temperature at the boundary of the sampled region was measured with an unghielded 0.076-mm-diameter Pt/ Pt (13%Rh) thermocouple and found to be equal to ambient temperature to within 0.2 K. Thus, because the temperature at the edge of the sampled region is affected primarily by convection instead of radiation, it provides a good reference for the index-of-refraction measurements, and we can reliably calculate the temperature. A vertical average of calculated peak temperatures between 5.08 and 10.8 mm in Fig. 2(a) gives a value of 2050 K with a standard deviation of 14%.
The average peak temperature in this range was also measured with the Pt/Pt (13%Rh) thermocouple. Errors due to conduction along the thermocouple were minimized by placing the wires along the long direction of the slot flame. The error due to radiation from the thermocouple was estimated by using the method of Kaskan 1 2 and found to be 180 i 80 K. The peak radiation-corrected temperature was found to be 2060 K. This is in good agreement with the calculated value.
Although the averaged peak temperature calculated from the index of refraction appears to be accurate, the spread in values is rather large. This spread is due predominantly to streak artifacts in the reconstructions, a problem when there are only a small number of projections. The artifacts are due to aliasing because the flow structure is undersampled. From accurate three-dimensional index-of-refraction maps, the theory of the combustion process could be used to calculate both temperature and compositional variations in the image. A two-wavelength technique might prove useful for separation of temperature and compositional effects. 1 4 The maximum beam deflection for these images is 3 mrad. For beam deflections of this magnitude, the paraxial approximation is valid, deviations from straight paths are small, and ordinary reconstruction techniques may be used. Although this flame is small, larger flames will also have small deflection angles. A simple geometric argument shows that because beamdeflection measurements have no dc term, the maximum beam-deflection angle is invariant with flamesize scaling and scales only with the maximum index of refraction. This means that although the flame studied here is small, similar larger flames with the same peak temperature will have beam deflection of the same size.
We have demonstrated three-dimensional index-ofrefraction measurements in a flame and a mixing flow using beam-deflection optical tomography. The aparatus is simple and therefore appropriate for multiple-optical-system imaging. We believe that coupling the beam-deflection tomographic technique with combusion theory will permit production of three-dimensional temperature and compositional measurements, even in rapidly varying flames.
